Direct visualization of the dynamics of structural glasses and amorphous solids on the sub-nanometer scale provides rich information unavailable from bulk or conventional single molecule techniques. We study the surface of hafnium diboride, a conductive ultrahigh temperature ceramic material that can be grown in amorphous films. Our scanning tunneling movies have a second-to-hour dynamic range and single-point current measurements extend that to the millisecond-to-minute time scale. On the a-HfB 2 glass surface, two-state hopping of 1-2 nm diameter cooperatively rearranging regions or "clusters" occurs from sub-milliseconds to hours. We characterize individual clusters in detail through high-resolution (<0.5 nm) imaging, scanning tunneling spectroscopy and voltage modulation, ruling out individual atoms, diffusing adsorbates, or pinned charges as the origin of the observed two-state hopping. Smaller clusters are more likely to hop, larger ones are more likely to be immobile. HfB 2 has a very high bulk glass transition temperature T g , and we observe no three-state hopping or sequential two-state hopping previously seen on lower T g glass surfaces. The electronic density of states of clusters does not change when they hop up or down, allowing us to calibrate an accurate relative z-axis scale. By directly measuring and histogramming single cluster vertical displacements, we can reconstruct the local free energy landscape of individual clusters, complete with activation barrier height, a reaction coordinate in nanometers, and the shape of the free energy landscape basins between which hopping occurs. The experimental images are consistent with the compact shape of α-relaxors predicted by random first order transition theory, whereas the rapid hopping rate, even taking less confined motion at the surface into account, is consistent with β-relaxations. We make a proposal of how "mixed" features can show up in surface dynamics of glasses. © 2014 AIP Publishing LLC. [http://dx
I. INTRODUCTION
Understanding the structural transformation of an atomic or molecular liquid into glass is considered one of the grand challenges of chemical physics. Although some structural insights have been provided by simulations despite their limited time scale and finite size, 1, 2 and direct observations on colloids as macroscopic glass analogs give structural information, 3, 4 laboratory experiments that resolve structure and dynamics at or near the atomic level in structural glasses are still scarce. [5] [6] [7] What is the shape of the cooperatively rearranging regions in glasses and what does their free energy landscape look like? These are questions we would like to answer quantitatively here.
Simple mode coupling theories predict that upon cooling a glass-forming liquid, the liquid-phase diffusion time scale lengthens and ultimately diverges. 8, 9 Below the temperature a) Author to whom correspondence should be addressed. T c , instead a rapidly slowing process does occur, signaling the emergence of activated events. Experiments show that the slower α-relaxation process appears to "freeze out" below the glass-transition temperature T g, where the rapidly increasing glass viscosity precludes further observations of macroscopic change on the laboratory time scale. 10 Motion still does occur. β-relaxations, faster than the α process, can be observed even below T g in the bulk, 10 and are associated with motions on a more local scale than α-relaxation. 11 Nevertheless, it is clear based on experiments 12, 13 and modeling 14, 15 that the "global" α-relaxation and the "local" β-relaxation are both collective and connected to one another. 16, 17 Ideas about this structural connection have been untested because atomic level structural detail has been unavailable on the laboratory time scale, while atomic level simulations on the ms or longer time scale remain a decided luxury. 18 Two kinds of approaches have been explored for structural dynamics of glasses. In themodynamically motivated theories such as random first order transition theory (RFOT), 19 the collective α-relaxation occurs through structurally compact, collectively moving clusters that increase in size as the glass is aged (i.e., as the experiment allows more relaxation time when T ≈ T g ). 19 In the bulk, the RFOT distribution of enthalpic barriers for α-relaxation peaks at ∼30-36 k B T g , 15 for fragile glasses, but is smaller for strong glasses (fragility describes how quickly the liquid viscosity is recovered upon heating a glass 20 ). Beneath T g, the clusters get stuck below barriers roughly proportional to the cluster surface area, and hop at best between two states, or most likely do not hop at all. Within the RFOT picture, β-relaxations correspond to more elongated strings of glass forming units 15 (the units being SiO 2 for window glass, a pair of atoms for a bimetallic glass, or a HfB 2 unit for hafnium diboride). These strings can move among the α-cooperatively rearranging regions and have a much lower barrier distribution, peaked at ∼10 k B T in the RFOT model. 15 The other approach involves kinetic facilitation of "stuck" regions in the glass. In some kinetic facilitation models, 21 local relaxation also corresponds to string-like chains of glass-forming units. These structures can facilitate motion of similar structures of glass formers nearby in the glass matrix, relieving strain, and are thought to lead to global relaxation without compact regions. 22 Both models connect local to global relaxation structurally, but in different ways: in RFOT there is a distribution of shapes of cooperatively rearranging units from compact to elongated, and a distribution of activation barriers that can range from bimodal (β peak and α peak) to just a single dominant peak; 15 in kinetic facilitation, different local rearranging regions interact to facilitate large scale collective structural rearrangements in the glass. 4, 22 Experiments deep in the glassy regime are difficult because slow dynamics tests the experimentalist patience. α-relaxation dynamics is not observable below T g in the bulk because such events become exceedingly rare: k(α) ≈ 10 11 e −30/(3/4) s −1 ≈ 4/year for a low-barrier glass at 3 4 of the glass transition temperature. The RFOT theory predicts that on the glass surface, the activation barrier is only half that of the bulk, or 15-18 k B T g. 23 That brings α-relaxation much closer to the β-relaxation time scale, making it potentially observable at surfaces.
Experiments can directly visualize the motion of cooperatively rearranging regions in structural glasses or amorphous solids when spatial resolution at the level of a single glass forming unit (<0.5 nm) is combined with accelerated glassy dynamics at surfaces. 6, [24] [25] [26] Like single molecule experiments, such "single cooperatively rearranging region" experiments can make rare slow dynamics visible even against an immense background of immobile glass matrix. We previously imaged dynamics on surfaces of metallic glasses 24 and amorphous silicon 6 by time-resolved scanning tunneling microscopy with <90 s time resolution and <0.5 nm spatial resolution, sufficient to resolve sub-structure in cooperatively rearranging regions. Structural dynamics of a glassy surface is not necessarily identical to that in the bulk, but the ability to directly access the surface motion encourages their comparison with glass theories modified to correct for surface effects. 23 In our experiments we have observed compact clusters of between 3 and 8 glass forming units in width that hop between two structural states at T T g . Hopping clusters are rare compared to immobile clusters. Occasionally, we observed even rarer three-state motion or concerted two-state motion (where a cluster hops, and soon thereafter another nearby cluster hops). 6, 26 The shape of glass surface clusters is more in line with the prediction of RFOT theory for α-cooperatively rearranging regions, while their speed is more in line with the β-relaxation time scale. However, given the much greater number of immobile clusters on the glass surfaces we studied, the ones that move may correspond to the low barrier tail of the activation barrier distribution. 23 Here we aim to answer the questions posed in the introductory paragraph -What are the shapes and free energy landscapes of cooperatively rearranging regions at the surface of glasses? We do this for the chemical vapor deposited amorphous hafnium diboride surface well below its bulk glass transition temperature. (HfB 2 has a melting temperature T m ≈ 3200 K 27 and T g ≈ 0.6T m . 28 ) We extend our accessible time scale by a factor >10 5 over our past work, by complementing full image scans of the surface (∼90 s/frame) with smallimage scans (∼0.1 s resolution) and single point time traces of cooperatively rearranging regions (∼0.1 ms time resolution). We also study the cooperatively rearranging regions at atomic resolution and measure their I-V characteristics to show that they correspond with collectively moving groups of atoms, not to individual atoms or to small molecules diffusing on the surface. Finally, we are able to histogram the glassy surface dynamics to construct quantitative free energy landscapes as a function of vertical displacement from the surface.
In our experiment-based picture of glassy surface dynamics, HfB 2 cooperatively rearranging regions are compact clusters of a few glass-forming units in diameter that move ∼0.08-0.12 nm between two structural states. The states are separated by a low barrier (∼25 k B T in room temperature units, 4 k B T g in glass transition temperature units) defined by our time window from 0.1 ms to a few hours. We find that immobile clusters have a similar local free energy landscape, but lack access to a second free energy well. Rarity of moving clusters is explained easily: motion corresponds to a collective breaking and making of bonds and dangling bonds at the cluster surface; only a few clusters can move while preserving the net number of bonds and dangling bonds in product and reactant. Clusters that are not nearly thermoneutral are trapped in minima so deep, that they cannot be observed to hop reversibly on our time scale. We do not observe stringlike cooperatively rearranging regions in our experiments, although we have the spatial resolution needed to observe them; if "stringy" dynamics is faster than we can resolve, or if such motions are even rarer than compact clusters, we would not be able to observe it.
We conclude with simulations based on a surfacemodified RFOT model, showing that the structural dynamics we observe (cooperatively rearranging regions are compact) and free energy landscapes (rough double wells) are consistent with an RFOT model that has been modified to fit the special feature of a free surface. The model yields α-and β-relaxations having barriers peaked at 10-15 k B T g , with tails down to a few k B T g . These barriers are consistent with experiment if we assume that we are observing the low-barrier tail of the activation energy distribution in our time window.
Thus, the existence of compact cooperatively rearranging regions moving on an accelerated time scale due to reduced surface friction between two states on a glassy surface seems to be settled by these observations.
II. EXPERIMENTAL AND COMPUTATIONAL METHODS
HfB 2 amorphous thin films were grown by chemical vapor deposition (CVD) on both n-and p-type silicon (100) substrates (0.01-0.02 · cm resistivity), using Hf[BH 4 ] 4 as a precursor. 29 CVD growth onto a low temperature substrate molecule-by-molecule avoids the presence of any crystalline patches. The precursor was kept at room temperature while the substrate temperature was below 500
• C ( T g < T m ) during deposition. The base pressure was below 1 Pa before deposition and ∼2000 Pa during the CVD growth. After degassing at ∼110
• C for 9-15 h, HfB 2 was cleaned using 2 keV argon ion sputtering for 2-4 h with a dose of ∼(1-10) × 10 16 ions/cm 2 . The base pressure of the sputtering chamber was ∼2 × 10 −6 Pa and argon was backfilled to ∼3 × 10 −3 Pa. After sputtering, the samples were immediately transferred to the attached UHV STM chamber to record surface dynamics. X-ray photoelectron spectroscopy showed that the surfaces, of average composition HfB 1.55 as a result of preferential sputtering, were not contaminated with silicon, and SEM showed that the glassy films were 46-101 nm thick, corresponding to ∼130-290 layers of HfB 2 (see Fig. S1 in the supplementary material 30 ). We acquired STM topography movies of the surface, and tunneling current traces of individual cooperatively rearranging regions as a function of time, using a home-built ultrahigh vacuum STM 31 with base pressure ≤7 × 10 −9 Pa and with a thermal drift of <0.1 nm/h. Series of STM images were collected using constant current mode and are presented as topography (piezo z-displacement) or spatial derivative images for better contrast of cooperatively rearranging region dynamics. These STM movies had a time resolution of ∼90 s, and a maximum duration of several hours. Some movies achieved atomic or near-atomic resolution. We also collected tunneling current vs. time traces of individual sites on the surface in constant spacing mode. Due to the current preamplifier band width of 10 kHz, our ultimate time resolution is about 100 μs. Traces were collected with time steps as short as 16.5 μs and up to 33 s in overall duration (see the supplementary material). 30 Thus we were able to capture dynamics from the sub-millisecond to the hour time scale.
HfB 2 is a metallic solid, so we collected I-V traces to verify the nature of both mobile and immobile regions on the glass surface and to check that tunneling characteristics remained unchanged in the course of the observed dynamics. Unchanging tunneling characteristics over a region allowed us to obtain a quantitative distance calibration. To calibrate the reaction coordinate of the energy landscape, a z distance vs. tunneling current calibration curve was measured by ramping the current and measuring displacement of the tip piezo from constant height (see the supplementary material). 30 The calibration was confirmed to be accurate to within 2% by comparison with step edges on Si(100) and graphene surfaces (see the supplementary material). 30 RFOT theory has been modified to make predictions for glassy surface dynamics. 23 To model structural dynamics, free energy barrier distributions were generated using the disordered fuzzy-sphere model of Stevenson et al. based on RFOT theory.
14 First, a two-dimensional free energy surface was calculated as functions of the number of particles in the core and the number of particles in the fuzzy halo, following Eq. (10) 0.5 where fragility m = 20.7 C p . 15 For a-HfB 2 , we used a fragility m ≈ 30 which is typical for inorganic glass-forming materials. 32 To account for the free surface effects, the effective surface area of the core was reduced by a factor of 2, which is consistent with the proposed modification of RFOT theory for glassy surfaces. 23 The disordered free energy calculation was repeated 100 000 times to obtain a distribution of lowest free energy barriers for stable reconfigurations.
III. RESULTS
A. Characterizing individual cooperatively rearranging regions: Size, shape, sub-structure and electronic properties region is a two-state cluster of multiple atoms that is initially slow (transitions occur between frames), that then becomes fast later in the sampled time window (multiple transitions within a frame). The cluster can be resolved clearly in topography mode. In Fig. 1(b) (Multimedia view), the corresponding spatial derivative images are shown. In the derivative mode, "low" and "high" regions of the surface are all visible equally. Thus, derivative mode provides a wider range and better visualization of all clusters while keeping the cluster shape, position, and state unchanged. All STM images are presented in the derivative mode except for Fig. 1(a) (Multimedia view). One of the smallest features resolved in Fig. 1(b) (dashed circle) has a diameter of 0.4 nm, the size of a single HfB 2 (0.34 nm 27 ) glass forming unit. This length scale defines the upper limit on the lateral broadening and resolution of the STM scan. In this movie as in others, hopping clusters are at least twice as large (1 nm = 3 glass forming units), and usually four to five times larger ( Fig. 1(c) ). Thus clusters are easily distinguished from small molecules or individual atoms. Fig. 1(c) shows the size distributions for hopping and non-hopping clusters. The (peak) average diameters for hopping and non-hopping clusters are (4.0) 4.8 ± 1.2 and (5.0) 5.3 ± 1.8 glass forming units and the standard deviations of the size distributions are σ = 1.2 and 1.8. The hopping clusters are slightly smaller than non-hopping clusters. This result agrees with the intuition that smaller cooperatively rearranging regions should be able to move more easily than larger cooperatively rearranging regions. The larger non-hopping clusters are not necessarily devoid of dynamics; they may hop on a time scale slower than our few hour observation window.
Clusters observed to hop have K eq ≈ 1 (roughly equal time spent up vs. down), thus hopping cannot involve the net closure of dangling bonds or breaking of bonds into dangling bonds, which would be irreversible one-time events (net bond making), or far too endoergic to be observed (net bond breaking). Clusters therefore rearrange by bond breaking and formation that is net nearly neutral in free energy. The great majority of clusters are non-hopping clusters, which apparently do not have a neutral free energy path at their disposal. We observed only ∼0.2% of all clusters moving on our experiment time scale of a few hours or less. Fig. 2(a) shows a two-state cluster with resolved substructure. In addition to having a diameter much larger than the lateral resolution, the substructure of the image reveals that the clusters are collection of atoms, not single atoms or molecules, consistent with our previous study on a metallic glass surface. 26 As the cluster in Fig. 2 hops between the same two states, its shape and orientation between hops remains the same in each state. The buckling of a single dangling bond is also position and orientation conserved. 33 Nevertheless, the substructure and size of moving clusters in equilibrium between two states indicates that they are a collection of atoms bonded into a collective structure. The observation of substructure also excludes the possibility that the observed motions are caused by diffusion of a small adsorbate in and out of a favorable site, and I-V curves discussed below further exclude this possibility. While the diffusion of the smallest constituent atoms in metallic glasses at a similar temperature has been shown to involve string-like cooperatively rearranging regions, 34 we exclusively observed two-state dynamics of compact clusters (aspect ratio ≤ 2) on the surface. The dynamics does not involve the diffusion of the smaller B atoms. It is also worth noting that XPS showed that the boron atoms are not in excess on the surface (1:1.55 stoichiometry), and thus most likely all remain bound to hafnium.
When an STM tip scans over the surface, injected electrons can form stable charge defects. These would show up as a large difference in surface topography when the bias voltage is reversed. 35 Fig. 2(b) is a movie taken under successive voltage reversals. The cluster shape and hopping speed do not change when the polarity is reversed, indicating that the observed dynamics is not caused by a charged defect. The cluster in Fig. 2(b) is also imaged at tunneling current 10 times smaller than the cluster in Fig. 2(a) , but its hopping rate is substantially faster. Hopping does not increase with tunneling current and the dynamics is independent of tunneling voltage switching. Movies such as those in Fig. 2 show that cluster hopping is structural dynamics, not caused by charging effects.
We also measured I-V curves (scanning tunneling spectroscopy = STS). Fig. 3(a) shows what is either a two-state cluster hopping laterally on the glass surface, or two adjacent clusters hopping in anti-correlated motion up and down. Fig. 3(b) is the I-V curve measured on top of the cluster(s) shown in Fig. 3(a) in state "1" and in state "0." Both scans are characteristically metallic with nearly identical I-V curves, proving that the local densities of electronic states of the cluster are similar in the two states. The metallic nature of several clusters observed by STS provides additional evidence that the hopping clusters are not adsorbates and that the dynamics is not caused by diffusion or charging effects. Even more importantly, because there is no change in electronic structure upon hopping, the measured tunneling current directly relates to the height of the cluster, and we will make use of this fact in Sec. III C. 
B. A wide range of hopping rates on the a-HfB 2 surface
We have seen in Figs. 1-3 that clusters can hop several times as they are being scanned, not just between frames of the STM movies. The very fastest clusters appear as noisy speckles and little can be deduced about their kinetics from the full-image STM movies. Previously we did not study them in detail because few were observed and the time resolution was limited: it takes at least a minute to acquire an image.
To resolve fully the hopping dynamics of fast clusters, we first scanned a frame several times to make a time-lapse movie identifying a repeatedly hopping cluster (an example featuring a slow-hopping cluster is circled in Fig. 4(a) ). Then, during such a scan, we stop the STM tip on top of the cooperatively rearranging region (red dot), turn off the feedback loop, and measure tunneling current as a function of time at constant tip height. The time required to sample a current point is ≥ 16.5 μs, with an amplifier bandwidth-limited time resolution of 0.1 ms. We can measure up to 33 s for such a single-point current trace before the tip begins to drift laterally from the cluster being probed. Our dynamic time range is thus improved over our previous work by a factor of >10 5 . As a cluster hops out of the surface, the tunneling current increases and then decreases when that cluster drops back in. After measuring the tunneling current, we revert to full scans to continue imaging the area and sample the cluster further in full imaging mode (last frame in Fig. 4(a) ). Fig. 4 illustrates that clusters always start in the same state during the movie, where they were at the end of a single-point trace, so the fast hopping while the tip is stopped always correlates with the slow hopping, and thus reflects the same dynamical phenomenon.
We also pushed the scanning procedure to its temporal limit by scanning small areas ≤2 clusters in diameter, lead- ing to a time resolution of ∼ 5 s/frame of STM movie. The hopping clusters occupy a large fraction of the scanning areas (≥ 50%), therefore we can assume that the clusters rarely hop during the times they are not being imaged, if they do not hop during the periods they are being imaged. The height profile vertically across the cluster gives us the state trace of the clusters with improved time resolution (∼100 ms/line). Thus we have three scan modalities: survey scans at ≥ 60 s/frame, small area scans at ∼100 ms/line, and fast single-point detection with sub-ms time resolution. The time scale is thus limited at one end by instrument response and the other end by the life time of the STM tips.
A wide range of two-state dynamics on the a-HfB 2 surface was observed. Fig. 5(a) shows a cluster that never hops, but fluctuates around its local position, as captured by the tunneling current in Fig. 5(b) . Fig. 5(c) is a slow cluster that hops in and out in complete scans in hundreds of minutes, with a complete time trace shown in Fig. 5(d) . Fig. 5 (e) shows a fast cluster resolved by scanning a single small area. From the height profile, we reconstructed its two-state trace, as plotted in Fig. 5(f) . Fig. 5(g) shows a fast cluster hopping in and out several times in one frame. The tunneling current measured at a single point on top of this cluster shows two-state behavior with multiple hops in a 20 s time window with time resolution of 33 ms/point (Fig. 5(h) ).
In this system, we observed only two-state hopping, although evidence of a minor fraction of three-state hopping and correlated sequential hopping was reported previously on other glass surfaces. 6, 24, 26 The lack of any multi-state or diffusive dynamics is consistent with the expected high T g of HfB 2 surfaces (based on the bulk), putting our observations of this material near room temperature even more deeply below the glass transition than other polymer, 5 metallic 24 or semiconducting glass surfaces 6 that have been observed. On polymer surfaces studied by AFM, similar glassy two-state dynamics was observed. 
C. Constructing a single-cluster energy landscape
Having characterized the clusters in detail and accumulated many two-state current traces from clusters with a variety of hopping rates, we pursued our main goal of extracting a quantitative free energy profile for individual cluster dynamics from the experimental data. This requires three steps.
(1) Calibration of the current vs. z distance yields a quantitative coordinate for describing cluster motion along the surface normal in nanometers. (2) The shape and free energy of each well is determined by histogramming the distribution of cluster z-coordinates and then calculating the potential of mean force from the normalized histogram H(z) as −k B T ln(H(z)). (3) Determination of the Arrhenius prefactor ν † from temperature-dependent hopping, which then fixes the
we use the value of ν † = (τ † ) −1 = 6 × 10 10 s −1 , determined experimentally by us for similar-sized clusters by measuring the temperature dependence of their activation energy. 26 This leaves only the curvature (second derivative of the free energy) of the transition state undetermined.
As discussed in Sec. III A, the electronic character of the clusters is identical in both states. Thus changes in tunneling current directly translate into changes in vertical distance. To calibrate the z-separation between the two different states visited by hopping, we measured the tip-sample distance change as a function of tunneling current for various hopping and non-hopping clusters (Fig. 6(a) ). The calibration of our STM piezo was verified by measuring an average Si(100) step height of 0.134 ± 0.001 nm (literature value: 0.136 nm; the ± value is the precision of the average, better than any individual measurements). Fig. 6(b) is the z-I calibration curve for a hydrogen passivated Si (100)-2 × 1 surface for comparison. Distance was calibrated with equally good results on graphenized SiC (see the supplementary material). 30 Fig . 7(a) compares the two-state hopping for a fast cluster in HfB 2 with a similar measurement on the crystalline hydrogen passivated Si(100):2 × 1 surface with the same scanning parameters. The calibrated distance trace is shown in red. In addition to the large jumps in current due to hopping between two states, there are smaller fluctuations in tunneling current through individual clusters on the a-HfB 2 surface. These smaller fluctuations are reproducibly ten times larger than those seen on the Si surface ( Fig. 6(a) ). This observation suggests that there is additional cluster motion on faster time scales but with smaller amplitude within each of the two states. Fig. 7(b) is the histogram of the complete z trace for the cluster from Fig. 5(g) . To make certain that the distance distribution within the individual free energy wells is due to actual dynamics and not instrument noise, we measured the instrument noise. Fig. 7(a) already shows that the intrinsic z noise, measured on a non-hopping Si surface, is much lower than the observed in-state fluctuations. In addition, Fig. 7(c) plots the root mean square deviation (RMSD) of cluster motions on a-HfB 2 within a single state, and of the noise background on Si(100) as a function of the averaging time window (from < 0.1 ms to >10 ms). In contrast to the decreasing noise with increasing time window on the Si surface (blue data points and dashed curve in Fig. 7(c)) , the RMSD for a cluster within a single state is much larger and essentially independent of time averaging window up to 33 ms, confirming that there is in-state motion on the time scale ∼ 33 ms or longer causing fluctuations in tunneling current.
The histogram in Fig. 7(b) yields the shape of the free energy landscape projected along the z-axis near the two minima, where sampling is good. Fig. 7(d) shows the experimentally determined free energy profile of the cluster in Fig. 5(g) . The separation of free energy minima along the zreaction coordinate is δz 01 = 0.07 nm. The free energy difference between the two minima is G 01 = 0.26 k B T, and the barrier height obtained from the dwell times in Fig. 5(g) is Fig. S6 in the supplementary material shows free energy profiles for additional clusters. 30 The RMSD for hopping clusters and for stationary clusters is similar (Figs. S6 and 7(c) ), suggesting that all clusters on the surface are essentially the same in their basic nature; the stationary clusters simply do not have access to a second low free energy state on the maximum time scale (hours) of our experiment, and therefore jiggle around only in a single free energy well.
The z-axis displacement provides a quantitative description of cluster motion along the free energy profile, but it is clearly not a perfect reaction coordinate. For instance, the instate dynamics occurs on a time scale τ micro ∼ 50 ms, which translates to a barrier height of k B T ln(τ micro /τ † ) = 21.8 k B T. The "micro" barrier is smaller than the two-state hopping barrier, but it is still much larger than the corrugation within wells in Fig. 7(d) and Therefore on a one-dimensional free energy profile such as Fig. 7(d) , the in-well jiggling corresponds to increased friction. This friction is most likely caused by the incipient making and breaking of many local Hf-Hf, Hf-B, and B-B bonds from the cluster to other surrounding clusters on the a-HfB 2 surface. A favorable rearrangement of such bonds then allows the collective motion of Hf and B atoms within a cluster in the vertical direction. Horizontal motion is of course also possible, but is not as sensitively detected by STM.
IV. DISCUSSION
Glassy surfaces have been shown by Forrest, Ediger and co-workers, 36 and us 24 to have enhanced mobility (either diffusional or two-state). Ediger and co-workers have also exploited this to make particularly well-aged glasses by layered growth, 37 and we have observed direct imaging evidence for such aging on a Ce-based glass surface. 25 We have imaged the structural dynamics of a glassy vapor-deposited HfB 2 surface. As in our previous studies on metallic glasses and a-Si, 6, [24] [25] [26] we find that the cooperatively rearranging regions are compact clusters with a mean diameter of 4 glass forming units (mobile on our hours maximum time scale) or 5 glass forming units (immobile on our hours maximum time scale). They hop between two states, or remain stuck in a single state. We characterized the clusters in some detail by scans with ≤0.5 nm lateral resolution, scanning tunneling spectroscopy (I-V curves), and voltage modulation. The rearranging regions undoubtedly are built up from multiple HfB 2 glass forming units. No string-like cooperative motion was observed on the surface on our imaging time scale. We did observe a wide range of two-state rates, fully spanning our time window. This is a strong indication that the actual rate distribution is wide, and the experiment samples only a small window within it. That observation greatly strengthens the notion of a broad distribution of barriers for surface hopping dynamics of compact clusters, which was previously observed in a much smaller time window. 6, [24] [25] [26] Those clusters that hop always have an equilibrium constant close to 1 for the two states, indicating that when the cluster motion heals dangling bonds, others are broken to maintain the system nearly thermoneutral. The energy landscape for most clusters on the surface is a single well at low free energy because few cooperative motions allow thermoneutrality to be maintained. For the few two-state clusters, we can map out a free energy surface around each well. There is evidence for barriers ranging from 3.5 to 4.5 k B T g , although projection along the z coordinate captures only the major hopping barrier, while smaller barrier-limited processes manifest themselves as slow dynamics within the wells due to cluster friction with its glassy environment. In accord with the RFOT proposal of size-dependent friction, 14, 23 the mobile clusters are on average smaller in diameter than the immobile clusters. Two-state dynamics was observed previously by Pohl and coworkers at low temperature in the absence of other low-energy excitations; 38 they attributed it to a low density of tunneling of atoms or atom groups in a-Si at low temperature, whereas we attribute our room temperature observations to an activated process. We can thus propose a simple structural model from our observations. The top view of the unit cell of crystalline HfB 2 27 is shown in Fig. 8(a) . The unit cell consists of a hexagon of boron atoms and a Hf atom at the middle. We used the size of this unit cell size as the size of a glass forming unit for a-HfB 2 . Fig. 8(b) illustrates a cross-section of a cluster with diameter of ≈5 glass forming units embedded in the glass matrix, initially at the state "1." We make the assumption here that the third dimension of the cluster resembles the two that were imaged, i.e., the cluster is spheroidal in shape and not a "buckling pancake" on the surface. As the cluster hops in, it reaches the transition state (Fig. 8(c) ), in which one bond is partially formed and simultaneously another is partially broken (dashed red). Such cooperative bond formation/breaking allows for a low activation barrier. Clusters without such a transition state are immobile on our time scale. Finally the cluster reaches the state "0" (Fig. 8(d) ) with the total number of bonds unchanged compared to the initial state "1," although the free energy of the system will not be identical to state "1." Our time scale ranges from submilliseconds to hours thus we are only able to observe clusters with activation barrier of ∼20-30 k B T and K eq ∼ 1 as shown in Fig. 8(e) , black curve. We cannot resolve the motions of clusters having higher barriers (blue curve) or with K eq far from 1 (red curve).
A comprehensive thermodynamic model for motion of compact clusters has been proposed, and within this random first order transition (RFOT) model 19 specific predictions have been made for glassy surface dynamics, such as might apply to the amorphous HfB 2 surface. In the surface version of the fuzzy-sphere model, 23 the barrier is proportional to the surface area of a cluster in contact with the glassy matrix. That surface area is approximately halved at the glass surface, yielding a barrier approximately 15-18 k B T g for compact cluster relaxations (α-relaxations), while stringlike or β-relaxations remain near 10 k B T g . Our experimental barrier G † 01 ∼ 23.6 k B T, determined from dwell time distributions ( Fig. 5(h) ) together with the temperature dependence of the kinetics, is much smaller. In units of the glass transition temperature, k B T/k B T g ≈ (298 K)/(0.6T m ) ≈ 0.15 and G † 01 ≈ 3.5-4.5 k B T g for the full time range of motions we observe. Thus our observed barriers are small compared to the most probable barriers in the RFOT surface model. Is it nonetheless possible that such fast processes involving compact clusters could be observed?
To answer this question, we computed the activation barrier distributions at T g for the bulk and surface according to the model described in Refs. 14 and 15 and briefly in Sec. II. In the model the activation barrier freezes in at T K (the Kauzmann temperature where the extrapolated enthalpy of the supercooled liquid approaches the crystal in an "entropy catastrophe" 39 ). The barrier changes only slightly between T g and T K , thus our computation of a barrier distribution at T g is reasonable for comparison with our experiment, although our experiment occurs at T ≈ 0.15T g . In addition, aging takes place on a substantially longer time scale, thus in our time regime of milliseconds to hours, the aging effect is expected to be small. We modified the RFOT model to account for the smaller surface activation free energy as discussed in Ref. 23 .
The bulk and surface results for a strong glass (fragility m = 30), typical of ceramics such as HfB 2 , are shown in Fig. 9 . Distributions for others fragilities are shown in Fig. S8 in the supplementary material for completeness. 30 Our observed barrier G † 01 ≈ 3.5-4.5 k B T g falls into the lower β-relaxation tail of the distribution, which is quantitatively in agreement with the small fraction of hopping clusters observed of ∼0.2%. RFOT theory predicts that in the bulk α-relaxation originates from compact clusters while β-relaxation originates from more string-like cooperative regions. 14, 15 On the glass surface, we observe dynamics of α-relaxation-like compact clusters deep below T g , but with an activation barrier that lies in the tail of the β-relaxation distribution. String-like collective relaxations attributed to collective β-relaxation have also have been seen in simulations, and kinetic facilitation models propose "collisions" of string-like relaxors to reduce strain and facilitate global motion. We do not observe events such as these at all in our experiments. We postulate that on the glass surface, string-like clusters have more freedom to reconstruct to more compact shapes, thereby minimizing surface tension while retaining high mobility (low friction with the matrix = low barriers). In our view, α-like shapes combined with β-like low barriers would be universal at the glass surface. If so, our past experiments sampling barriers in the higher free energy 10-15 k B T g range 6, [24] [25] [26] were looking at the β/α crossover region in Fig. 9 . It will be interesting to see what detailed thermodynamic and kinetic models developed specifically for the glass surface will say. Experiments in turn can explore a wide range of barrier heights in units of k B T g by picking glassformers with a wide range of glass transition temperatures.
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